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EndodermNeural crest cells (NCCs) are a unique population of multipotent cells that migrate along deﬁned pathways
throughout the embryo and give rise to many diverse cell types including pigment cells, craniofacial cartilage
and the peripheral nervous system (PNS). Aberrant migration of NCCs results in a wide variety of congenital
birth defects including craniofacial abnormalities. The chemokine Sdf1 and its receptors, Cxcr4 and Cxcr7,
have been identiﬁed as key components in the regulation of cell migration in a variety of tissues. Here we
describe a novel role for the zebraﬁsh chemokine receptor Cxcr4a in the development and migration of
cranial NCCs (CNCCs). We ﬁnd that loss of Cxcr4a, but not Cxcr7b, results in aberrant CNCC migration defects
in the neurocranium, as well as cranial ganglia dysmorphogenesis. Moreover, overexpression of either Sdf1b
or Cxcr4a causes aberrant CNCC migration and results in ectopic craniofacial cartilages. We propose a model
in which Sdf1b signaling from the pharyngeal arch endoderm and optic stalk to Cxcr4a expressing CNCCs is
important for both the proper condensation of the CNCCs into pharyngeal arches and the subsequent
patterning and morphogenesis of the neural crest derived tissues.
© 2009 Elsevier Inc. All rights reserved.Introduction
The neural crest (NC) is an evolutionarily conserved cell popula-
tion among vertebrates that has long fascinated researchers due to the
ability of neural crest cells (NCCs) to migrate and differentiate into a
number of different cell types (LaBonne and Bronner-Fraser, 1998;
Ayer-Le Lievre and Le Douarin, 1982). NCCs are induced at the border
of the neural plate and the non-neural ectoderm, delaminate from the
neural tube and migrate throughout the body, giving rise to various
cell types including pigment cells, craniofacial cartilage and the
peripheral nervous system (PNS) (Ayer-Le Lievre and Le Douarin,
1982; Brugmann et al., 2006; Huang and Saint-Jeannet, 2004; Raible
et al., 1992; Kontges and Lumsden, 1996; Trainor, 2005; Trainor and
Krumlauf, 2000; Schilling and Kimmel, 1994; Serbedzija et al., 1994,
1990). Cranial neural crest cells (CNCCs) migrate in three streams,
with the anteriormost CNCCs emigrating ﬁrst, followed by the
emigration of more caudally located CNCCs. The segmental fate of
the CNCCs is dictated through the premigratory position of the CNCCs
along the antero-posterior axis of the embryo. Once the CNCCs reach
their destination in the arches, signaling via tissue interactions
between endoderm, mesoderm, ectoderm and CNCCs directs the
ﬁnal cell fate (Clouthier and Schilling, 2004).
The peripheral nervous system in the anterior region of the embryo
consists of a series of cranial ganglia and glia that are derived frombothArtinger).
l rights reserved.CNCCs and ectodermal placodes.While the precise contributions of the
placodes and CNCCs to many of the zebraﬁsh cranial ganglia is not
known, the trigeminal sensory ganglia are derived from both CNCCs
and placodal cells (Holzschuh et al., 2005; Knaut et al., 2005; Schilling
and Kimmel, 1994). Trigeminal neurons extend axonal projections
throughout the head and are important for detecting chemical,
mechanical and thermal stimuli (Knaut et al., 2005).
In the zebraﬁsh embryo, CNCCs of the pharyngeal arches give rise to
the ventral pharyngeal skeletal elements. Speciﬁcally, pharyngeal arch
one gives rise to the Meckel's and palatoquadrate cartilages, arch two
forms the basihyal, ceratohyal and hyosymplectic cartilages and arches
three through seven give rise to the ceratobranchial cartilages (Schilling
et al., 1996; Piotrowski et al., 1996). The dorsal craniofacial cartilages
makeup the neurocraniumor “braincase”. The anterior neurocranium is
composed of two rod-like structures, termed trabeculae, which fuse
anteriorly and connect to the ethmoid plate. The anterior neurocranium
is derived from the anteriormost CNCCs thatmigrate out from the dorsal
neural tube and reach the dorsal anterior aspect of the head following a
path along the optic stalks, medial to the eyes (Wada et al., 2005;
Eberhart et al., 2006; Langenberg et al., 2008).
Several recent studies have implicated multiple key signaling
pathways in the development of craniofacial cartilages and ganglia.
Previous studies have established that defects in Shh signaling in
zebraﬁsh cause aberrant neurocraniumand viscerocranial development
(Wada et al., 2005; Eberhart et al., 2006). Additionally, Fgf signaling
from the pharyngeal endoderm is important for normal arch and
subsequent cartilage development (Crump et al., 2004; Piotrowski and
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been shown to be important during craniofacial development, speciﬁ-
cally for endodermal pouchmorphogenesis (Kopinke et al., 2006). Thus,
complex signaling interactions are required for proper development of
the craniofacial skeleton. The zebraﬁsh NC provides an outstanding
model for the study of migration of diverse cell types and their
subsequent differentiation. Yet while many studies have uncovered
various molecular mechanisms for NCC differentiation and patterning,
little is known about the signaling effectors that regulate migration of
CNCCs (Yelick and Schilling, 2002).
Chemokines are small, secreted chemoattractants that have been
well studied for their roles in regulating cell migration during
embryogenesis, immune response and cancer (Kucia et al., 2004).
The chemokine, Stromal cell derived factor (Sdf1), which preferably
binds to the receptors Cxcr4 and Cxcr7 (Balabanian et al., 2005; Bleul
et al., 1996; Boldajipour et al., 2008; Horuk, 2001), has been reported
to regulate cell trafﬁcking of hematopoetic stem cells (Horuk, 1998)
and to promotemigration of germ cells (Doitsidou et al., 2002; Thorpe
et al., 2004; Dumstrei et al., 2004; Knaut et al., 2003; Molyneaux et al.,
2003; Sasado et al., 2008). Recently, Boldajipour et al. (2008) have
shown that during germ cell migration, Sdf1 signals through Cxcr4,
while Cxcr7 instead functions as a mock receptor for Sdf1. Cxcr7 thus
functions in ligand sequestration and is thought to play a role in the
generation of an Sdf1 gradient that directs germ cell migration into the
presumptive gonad (Boldajipour et al., 2008).
Cxcr4 has also been shown to be expressed in migrating NCCs in
themouse embryo. Sdf1, conversely, is expressed within themigratory
path of the NCCs and has been shown in mouse to signal through
Cxcr4 to mediate positioning of dorsal root ganglia (DRG) (Belmadani
et al., 2005). In addition, expression analysis of sdf1 in the chick
embryo reveals an sdf1 expression domain within the branchial arch
region (Rehimi et al., 2008).
Two cxcr4 genes, cxcr4a and cxcr4b, have been isolated in zebraﬁsh
and are closely related to mammalian cxcr4. Similar to mouse,
zebraﬁsh cxcr4a is expressed within NCCs (Chong et al., 2001).
Although a functional analysis of the cxcr4 genes in NCCmigration has
not been reported for zebraﬁsh, cxcr4b has been shown to be
important for proper positioning of the partially NC-derived trige-
minal sensory ganglia (Knaut et al., 2003). Moreover, Sdf1a signaling
has been implicated in melanophore patterning of the zebraﬁsh
embryo, suggesting a link between Sdf1–Cxcr4 signaling and NC
migration (Svetic et al., 2007). Here we describe a new role for cxcr4a
and sdf1b, but not cxcr7b, in CNCC migration and patterning during
zebraﬁsh craniofacial development.
Materials and methods
Animals
The zebraﬁsh were maintained according to Westerﬁeld (1993)
and staged by hours post fertilization and morphology according to
Kimmel et al. (1995). ntlb195 and ﬂhn1 mutant lines were obtained
from the Zebraﬁsh International Resource Center.
Embryo manipulation and analysis
Whole-mount in situ hybridization was adapted from Thisse and
Thisse (1998) and Brent et al. (2003) (Brent et al., 2003). Double
ﬂuorescent in situ hybridization was performed as described by
Pineda et al. (2006). Immunohistochemistry was performed as
described (Ungos et al., 2003). anti-Zn8 primary antibody (ZIRC)
was used at a 1:25 dilution. Anti-HuC/D (Molecular Probes) was used
at a 1:1000 dilution. Alcian blue staining was performed as described
(Schilling et al., 1996).
For live imaging, 12 hpf embryos were mounted in 0.7% low melt
agarose in ﬁsh water and oriented in a dorso-lateral angle. CNCCmigration was followed using a Zeiss LSM 510 confocal microscope
equipped with a heated stage set to 28 °C. Z stack images were taken
once every 5 min. Double in situ hybridizations were visualized using
Zeiss LSM 510 confocal microscope. Quantiﬁcation of expression
overlap was preformed using Zeiss Meta software. The colocalization
coefﬁcients were calculated based on the relative number of pixels
that overlap, expressed over the total number of pixels for a value of 0
(not colocalized) to 1 (colocalized). cxcr4a expression with neural
crest cell markers (barx1, dlx2a, hand2, crestin), and both sdf1b and
cxcr7b with the endodermal marker nkx2.3 have 0.9–1 colocalization
coefﬁcients, showing regions of pixel overlap.
Sections were completed following embedding of embryos in
either 1.5% agar in 5% sucrose or in OCT and were sectioned using a
cryostat for a thickness between 9–12 μm.
Antisense Morpholino oligonucleotide injections
Antisense Morpholino Oligonucleotide (MO) for cxcr4a, cxcr7b and
sdf1b has been previously described: cxcr4a MO1 5′-ATAAGCCATCTC-
TAAAAGACTTCTC-3′; cxcr4a mismatch MO 5′-ATAAACCATATCTAAGA-
GACGTCT-3′; cxcr4a MO3 5′-GACTTCTCCCGTTCCTTCAGTCTCC-3′ (Chong
et al., 2007);sdf1b 5′-CGCTACTACTTTGCTATCCATGCCA-3′(Knaut et al.,
2005); cxcr7b 5′-TCATTCACGTTCACACTCATCTTGG-3′ (Dambly-Chaudiere
et al., 2007). Universal Control MO sequence: 5′-CCTCTTACCTCAGTTA-
CAATTTATA-3′. The oligonucleotides were dissolved in distilled water.
cxcr4a MO3 or cxcr4a MO1 were injected into 1- to 4-cell-stage embryos
together with rhodamine dextran (Molecular Probes). Universal control
Morpholino and cxcr4a mismatch Morpholinos did not result in any
craniofacial phenotypes. cxcr4a MO1 and cxcr4a MO3 gave similar
craniofacial phenotypes.
DNA constructs and RNA overexpression
For overexpression, the cxcr4a or sdf1b ORF was cloned into the
pCS2 vector. RNA was prepared using the mMessage mMachine
capped RNA transcription kit (Ambion). Capped RNAwas injected into
1-cell-stage embryos together with rhodamine dextran (Molecular
Probes).
Results
The chemokine receptors cxcr4a and cxcr7b are expressed within the
pharyngeal arches
Previous work has shown that the chemokine receptor cxcr4 is
expressed in the trunk NC in mouse embryos and is important for
proper DRG positioning (Belmadani et al., 2005). We asked whether
(1) cxcr4 has a conserved expression pattern within the NC among
vertebrates and (2) if cxcr4 is required for NCC migration in the
zebraﬁsh embryo. We ﬁrst analyzed the expression patterns of both
cxcr4a and cxcr4b during zebraﬁsh embryonic development. At 14–
17 h post fertilization (hpf), when CNCCs are migrating, cxcr4bmRNA
is not expressed in the NC (data not shown; (Chong et al., 2001),
whereas cxcr4a is expressed within the cranial NCCs but not in trunk
NCCs of the embryo (Figs. 1A, B) (Chong et al., 2007, 2001). At 17 hpf,
cxcr4a is also expressed in the region of the optic stalk (Fig. 1B; arrow,
inset shows higher magniﬁcation view) and by 24 hpf, cxcr4a is
expressed both in the optic stalk region (Fig. 1C, arrow) and
throughout the pharyngeal arches. We do however note that cxcr4a
is excluded from the central region of arch 1, whichmay correspond to
the mesodermal core (Fig. 1C). Although we also observe this core
upon sectioning, we cannot completely rule out the possibility that
cxcr4a is expressed at low levels in the mesodermal core. At 25 hpf,
as the pharyngeal arches begin to condense into distinct structures,
cxcr4a expression begins to form discrete expression domains that
correspond to the pharyngeal arches (Fig. 1D). By 36 hpf, cxcr4a
Fig. 1. cxcr4a, cxcr7b, and sdf1b expression in the zebraﬁsh embryo. Dorsal views (A, B, C, F, G, H, K, L, M), lateral views (D, E, I, J, N, O) and anterior to the left. (A–E) cxcr4a expression.
cxcr4a is observed in NCCs migrating to the arches (A). At 17 hpf (B) and 24 hpf (C) is expressed in the optic stalk (B, C; arrows) and pharyngeal arch region but is excluded from the
central arch, likely corresponding to the mesodermal core. By 25 hpf, cxcr4a expression condenses into discreet arches (D). At 36 hpf, cxcr4a is expressed in the optic stalk and
throughout the arches (E). (F–J) cxcr7b expression. From 14–17 hpf, cxcr7b is expressed in the midbrain, otic placode and in rhombomeres 3, 5 and 6 and, at 17 hpf, in the optic stalk
(F, G; arrow in G to optic stalk). By 24 hpf, cxcr7b is expressed in the ventral region of the posterior pharyngeal arches (H, arrow). From 28–48 hpf, cxcr7b expression is seen
throughout the pharyngeal arches (I, J). (K–O) sdf1b expression. At 14–17 hpf, sdf1b is expressed in the region of the migrating CNCCs, within the optic stalk and dorsal rim of eye
(K, L; arrows in L and M). By 24 hpf (M) sdf1b is expressed in the typical scalloped pattern of the pharyngeal endoderm. At 25 hpf, sdf1b is expressed in endodermal pouches 1–3 (N)
and pouches 1 and 2 at 36 hpf (O).
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al., 2005) and at a lower level throughout the arches (Fig. 1E).
Recent reports have shown that the chemokine sdf1 binds both
cxcr4 and cxcr7 chemokine receptors, although cxcr7 functions as a
mock receptor (Balabanian et al., 2005; Boldajipour et al., 2008;
Horuk, 2001). Moreover, cxcr7 and cxcr4 genes function together to
guide germ cells to the presumptive gonad (Sasado et al., 2008) and to
guide migration of the lateral line during zebraﬁsh development
(Dambly-Chaudiere et al., 2007; Valentin et al., 2007). We therefore
analyzed the expression pattern of cxcr7b throughout the develop-
ment of the zebraﬁsh embryo to ascertain whether or not cxcr4a and
cxcr7b are similarly expressed in the pharyngeal arches. From 14–
17 hpf, cxcr7b is expressed in the midbrain, the region surrounding
the otic placode, optic stalk and in rhombomeres 3, 5 and 6 (Figs.1F, G;
arrow) but is not expressed in the CNCCs at these early stages. By
24 hpf, cxcr7b is expressed in the posterior arch region, ventral to the
otic vesicle (Fig. 1H; arrow) and from 28–48 hpf is expressed
throughout the pharyngeal arches (Thisse et al., 2001) (Figs. 1I, J).
Taken together, the results of the expression analysis show that both
cxcr4a and cxcr7b, but not cxcr4b, are expressed in the pharyngeal
arch region. However, the expression patterns of these chemokine
receptors within the pharyngeal region are distinct from one another
suggesting they may function within different tissues.
The chemokine Sdf1b is expressed in the pharyngeal endoderm
We next examined the expression patterns of the Cxcr4 receptor
ligands sdf1a and sdf1b to determine if they might function with
cxcr4a in CNCC development. We did not detect sdf1a in the CNCC
(data not shown; Thisse et al., 2001), but found sdf1b expressed
within the domain of CNCC migration from 14–17 hpf, as has been
previously described (Chong et al., 2007) (Figs. 1K, L). At 17 hpf, sdf1b
is also expressed within the optic stalk region and along the dorsal rim
of the eye (Fig. 1L, arrows). At 24 hpf, sdf1b is expressed in the optic
stalk (Fig. 1M, arrow) and in a scalloped pattern that is typical of the
endoderm of the pharyngeal arches (Fig. 1M). As pharyngeal arch
development proceeds, the pharyngeal endoderm migrates laterally
to form pouches that interdigitate each of the pharyngeal arches(Crump et al., 2004). Between 25–36 hpf, sdf1b is seen in pharyngeal
endodermal pouches 1, 2 and faintly in pouch 3 (Figs. 1N, O). Previous
studies have also shown that sdf1b is expressed posterior and dorsal to
the optic chiasm at 48 hpf and functions in retinal axon guidance
(Chalasani et al., 2007; Li et al., 2005). We note, however, that
expression of sdf1b is already evident in the region of the optic stalk by
17 hpf (Fig. 1L, arrows). Importantly, it has been reported that anterior
CNCCs travel along the dorsal optic vesicle to populate the region that
will give rise to the neural crest derived anterior neurocranium (Wada
et al., 2005; Eberhart et al., 2006; Langenberg et al., 2008).
Signaling between various tissue types including ectoderm, CNCCs
and endoderm is integral to proper pharyngeal arch development
(Graham and Smith, 2001; Knight et al., 2005; Piotrowski and
Nusslein-Volhard, 2000). In order to rule out the possibility that
sdf1b and cxcr4a are also expressed within the ectoderm, we prepared
transverse and sagittal cryosections through the pharyngeal arch
region of 25 hpf embryos that were labeled by in situ hybridization for
sdf1b and cxcr4amRNA. From this analysis, we ﬁnd that neither sdf1b
nor cxcr4a are expressed in the ectoderm within the pharyngeal arch
region, although we cannot rule out the possibility that there is
expression that is not detectable by in situ hybridization (Supple-
mental Fig. S1).
cxcr4a is expressed in the CNCC of the pharyngeal arches
We next performed additional expression analyses to determine
which tissues cxcr4a, sdf1b and cxcr7b are expressed in during
pharyngeal arch morphogenesis. To determine whether cxcr4a,
cxcr7b or sdf1b are expressed in the NC of the pharyngeal arches, we
performed double ﬂuorescent in situ hybridization (Pineda et al.,
2006) using the CNCC marker dlx2a, which is expressed throughout
the pharyngeal arch NC (Kimmel and Eberhart, 2008). cxcr4a has been
reported to be expressed in CNCCs in zebraﬁsh during CNCCmigration
(Chong et al., 2001). We ﬁnd that cxcr4a and the neural crest marker
dlx2a partially overlap in the anterior arches at 25 hpf after CNCC
migration has ceased (Figs. 2A–C, arrow). We also ﬁnd that sdf1b and
cxcr7b are not coexpressed with dlx2a in the anterior arches. cxcr7b is,
however, coexpressed in a small subset of dlx2a positive cells within
Fig. 2. Expression of cxcr4a, cxcr7b and sdf1b in the developing pharyngeal arches. Lateral views, anterior to the left. Single channel (A, B, D, E, G, H, J, K, M, N, P, Q, S, T) and merged
(C, F, I, L, O, R, U) images of confocal micrographs of double ﬂuorescent in situ hybridization of cxcr4a, cxcr7, and sdf1b along with tissue speciﬁc marker expression in the pharyngeal
arch region. Neural crest markers are indicated in greenwith cxcr4a (red) in A–O, and endodermal marker nkx2.3 (red) with sdf1b or cxcr7b (green) in P–U. (A–C) CNCCmarker dlx2a
expression (green) overlaps cxcr4a (red) in a subset of CNCCs (yellow, arrows) at 25 hpf. (D–F) barx1 is coexpressed in a subset of cxcr4a cells at 25 hpf. (G–I) At 28 hpf, hand2 is
expressed in the ventral-most domain of arch CNCCs and partially overlaps with cxcr4a in this domain (yellow, arrows). (J–L) cxcr4a (red) is mostly excluded from sox10
nonectomesenchymal expression at 19 hpf (green). (M–O) The pan CNCCmarker crestin is expressed in a broad domain in the pharyngeal arch region, where cxcr4a is also expressed.
cxcr4a is excluded from the dorsal crestin domain that corresponds to nonectomesenchymal NCCs. (P–R) sdf1b (green) and the endodermal marker nkx2.3 (red) overlap in pouch 2
(arrows) at 28 hpf. (S–U) cxcr7b (green) is coexpressed with nkx2.3 (red) throughout pharyngeal arch endoderm at 31 hpf (yellow; arrowheads).
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Moreover, cxcr7b is expressed in cells that surround and interdigitate
each of the dlx2a positive pharyngeal arches at 28 hpf (Supplemental
Figs. S2J–L); this pattern is similar to the expression of markers
known to be expressed in the pharyngeal endoderm.We next examined whether cxcr4a colocalizes with barx1, which is
expressed in the pharyngeal arch NC (Sperber and Dawid, 2008). We
ﬁnd that at 25 hpf barx1 is coexpressed in a subset of NCCs with
cxcr4a in the anterior pharyngeal arches. This colocalization is
restricted to the ventral and medial portion of the arches but not to
Table 1
Quantiﬁcation of results from migration, alcian blue and in situ hybridization analyses
in cxcr4a morphant embryos.
Injection Cartilage phenotype
Ethmoid plate
reduced
Hyposympletic
defects
Ectopic
cxcr4a Morpholino (MO) (ng/nl) 26/65 (40%)
cxcr4a MO (as control for rescue) 21/52 (40%)
cxcr4a/cxcr7ba Morpholino (ng/nl) 37/64 (54%)
sdf1b Morpholino (ng/nl) 30/53 (56%)
cxcr4a mRNA overexpression 16/62 (26%) 22/62 (35.5%) 13/62
(21%)
cxcr4a Morpholino+cxcr4a mRNA
(200 pg) rescue
11/42 (26%) 6/42
(14%)
a cxcr7b morphants alone have no craniofacial phenotype.
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also note that cxcr4a is expressed in a region dorsal to the arches
between arches 2 and 3, which does not correspond to the pharyngeal
arch crest (Figs. 2D–F). In order to conﬁrm the exact boundaries of
barx1 expression within the pharyngeal arch crest, we examined the
colocalization of barx1 and dlx2a at 25 hpf. Consistent with our
ﬁndings regarding the colocalization of barx1 and cxcr4a, we ﬁnd that
in the anterior arches, barx1 expression is excluded from the dorsal
domain of dlx2a but is coexpressed in the medial and ventral domain
of dlx2a expression (Supplemental Figs. S2M–O). hand2 is expressed
in CNCCs that reside in the ventral-most region of the pharyngeal
arches (Miller et al., 2003). Consistent with the expression results
with barx1, we ﬁnd that cxcr4a and hand2 partially overlap in the
ventral-most CNCCs of the anterior pharyngeal arches at 28 hpf (Figs.
2G–I; arrows).
In order to ascertain whether cxcr4a is also expressed in the
nonectomesenchymal CNCCs that give rise to the cranial ganglia and
glia, we examined whether or not cxcr4a is coexpressed with the
nonectomesenchymal NC marker sox10 during pharyngeal develop-
ment (Blentic et al., 2008). We ﬁnd that at 19 hpf cxcr4a is excluded
from the sox10 expression domain in the anterior stream but does
colocalize with a small subset of sox10 expressing cells midway
between the eye and otic vesicle (Figs. 2J–L). We next examined
whether cxcr4a colocalizes with the pan-NC marker crestin. At 28 hpf,
cxcr4a and crestin are partially colocalized throughout the anterior
pharyngeal arch crest, but cxcr4a is excluded from the nonectome-
senchymal NC, located dorsal to the anterior arches (Figs. 2M–O).
Taken together, these results show that cxcr4a is expressed through-
out CNCC migration and this expression persists within the CNCCs of
the anterior pharyngeal arches post-migration, during pharyngeal
arch condensation and patterning.
sdf1b and cxcr7b are expressed in the pharyngeal endoderm
In order to determine whether sdf1b and cxcr7b are expressed in
the endoderm, we performed double ﬂuorescent in situ hybridization
using the endodermal marker nkx2.3. We ﬁnd that sdf1b is
coexpressed with nkx2.3 in pharyngeal pouch 2 (Figs. 2P–R; arrows).
Moreover, while nkx2.3 is only weakly expressed in pouch 1, sdf1b is
strongly expressed in the ﬁrst pouch. Additionally, cxcr7b is partially
coexpressed with nkx2.3 in the pharyngeal arch endoderm (Figs. 2S–U;
arrowheads). These results indicate that cxcr7b and sdf1b are expressed
in the pharyngeal endoderm.
cxcr4a, cxcr7b and sdf1b expression within the pharyngeal arches
We next sought to determine whether the expression of these
chemokine receptors and sdf1b might overlap using double ﬂuor-
escent in situ hybridization analyses. sdf1b and cxcr4a are expressed
in a complementary manner at 25 hpf, with only a subset of
coexpressing cells at the border of the endoderm and arch crest
(Supplementary Figs. S2A–C). Conversely, we ﬁnd that cxcr7b and
sdf1b are coexpressed in both the medial endoderm and within the
ﬁrst 3 pharyngeal pouches at 28 hpf (Supplementary Figs. S2D–F). At
28 hpf, cxcr4a and cxcr7b are not coexpressed within the endoderm,
but do show coexpression in a small subset of cells within the
posterior arches (Supplementary Figs. S2G–I).
In summary, these results indicate that cxcr4a is expressed
predominantly in the anterior pharyngeal arch CNCCs, while sdf1b
and cxcr7b are expressed predominantly in the endoderm during
pharyngeal arch development. This is consistent with previous studies
that have shown that the chemokines sdf1a and/or sdf1b are often
expressed in adjacent and complementary tissues to cxcr4a or cxcr4b
expressing domains (Li et al., 2005; Schwarting et al., 2006; Miyasaka
et al., 2007; Chalasani et al., 2007).Loss of Cxcr4a signaling results in neurocranium defects
The expression of cxcr4a in the arch neural crest during pharyngeal
arch development and within the optic stalk suggests that cxcr4a
might function in the development of the ventral and dorsal
craniofacial cartilages. In order to investigate the function of Cxcr4a
in craniofacial development, we usedMorpholino-mediated depletion
of the cxcr4a gene product (Chong et al., 2007). We utilized 2
Morpholinos designed to knockdown cxcr4a, a control mismatch
Morpholino (Chong et al., 2007) and a universal control Morpholino
to verify speciﬁcity of the cxcr4a Morpholinos. We ﬁnd that both
cxcr4a Morpholinos result in similar craniofacial phenotypes
(described below), whereas, even high doses (up to 25 ng) of the
control mismatch and universal control Morpholino do not result in
any craniofacial phenotypes. Moreover, when cxcr4a mRNA is
coinjected with either cxcr4a Morpholino, the craniofacial phenotype
is partially rescued (Table 1). Taken together, these results indicate
that the cxcr4a Morpholinos are speciﬁc for cxcr4a mRNA.
At 6.5 dpf, cxcr4amorphants have reduced forebrains as compared
to wildtype and control Morpholino injected embryos, resulting in a
“dolphin-like” appearance (Supplementary Figs. S3G, H). We per-
formed alcian blue staining to visualize the cartilage of these
morphant larvae. While disrupting Cxcr4a signaling does not result
in defects in the ventral pharyngeal skeleton, we ﬁnd that the ethmoid
plate is severely reduced or absent and that the trabeculae of the
neurocranium are fused and thickened (Figs. 3A, B). This reduction in
the neurocranium accounts for the “dolphin-like” appearance of
cxcr4a morphants.
If Sdf1b and Cxcr7b function with Cxcr4a in its role in craniofacial
development, then knockdown of sdf1b and cxcr7b should result in a
similar phenotype to cxcr4a morphants. Indeed we ﬁnd that sdf1b
morphants phenocopy the craniofacial defects seen in cxcr4a
morphants, and have additional defects in anterior basicapsular
commissure formation (Fig. 3C, arrow). Knock down of cxcr7b
however, does not result in craniofacial defects (data not shown).
These results suggest that Sdf1b and Cxcr4a function together in
development of the neurocranium.
Although both cxcr7b and cxcr4a are expressed in the pharyngeal
arches, knockdown of either gene surprisingly does not result in ventral
craniofacial cartilage defects. To rule out the possibility that these genes
might function redundantly with one another duringmorphogenesis of
the pharyngeal skeleton, we performed double knockdown of cxcr7b
and cxcr4a and analyzed the resulting cartilage phenotype. cxcr4a and
cxcr7b double morphants do not have a phenotype within the
pharyngeal skeleton, suggesting they do not function redundantly
with one another during pharyngeal arch morphogenesis (not shown).
In order to ascertain whether cxcr4b might also play a role in
craniofacial development, we performed alcian blue staining on the
cxcr4b mutant, odysseus (ody) at 5 dpf (Knaut et al., 2003). We ﬁnd
that odymutants have normal craniofacial patterning, suggesting that
Fig. 3. cxcr4a morphants have neurocranium defects. Dorsal views, anterior to the top
(A–C) and lateral views, anterior to the left (D, E). (A) wild type (WT) neurocranium at
6.5 dpf. (B) cxcr4amorphants lack an ethmoid plate (ep) and have fused trabeculae (t).
(C) sdf1b morphants phenocopy cxcr4a morphants, and have more severe anterior
basicapsular commissure defects (arrow). (D, E) Wildtype (D) and cxcr4a morphant
embryo (E) labeled with anti HuC/D 52 hpf to indicate the cranial ganglia. Morphant
embryos have a reduction in cranial ganglia IX and X (arrow). bc, basicapsular
commissure; bp, basil plate; oa, occipital arch; ep, ethmoid plate; t, trabeculae.
Fig. 4. cxcr4a morphants have aberrant CNCC migration and arch condensation. Lateral
views, anterior to the left. (A–D) tg{ﬂi1::eGFP} (green) embryo marking postmigratory
CNCCs double labeled with the endoderm marker Zn-8 (red). (E–J) tg{sox10::eGFP}
(green) labeling neural crest migration and condensation into the pharyngeal arch
region. (A, B) cxcr4amorphants (B) show loose arch structure, as compared towild type
embryos. (A) Arrowheads mark endodermal pouch 1 and stomodeum in A–D as a
reference for compaction. In addition, endodermal speciﬁcation and morphogenesis is
unaffected as seen by Zn8 expression (red). (C, D) cxcr7bMO injected embryos (D) have
normal CNCC (green) compaction in the pharyngeal arch and endodermal expression of
Zn8 (red) as compared to wildtype at 28 hpf (C). (E, G) Wildtype tg{sox10::eGFP}
embryos display normal onset of CNCC migration from the neural tube toward the
ventral arch region, migrate normally mid-migration at 16 hpf (E) and are properly
organized post-migration at 25 hpf (G). Early to mid CNCC migration is unaffected in
cxcr4a morphants at 16 hpf, as CNCCs are migrating ventrally from the neural tube (F)
but show loose organization of CNCC in the anterior arches at 25 hpf (H). cxcr7b
morphant embryos have normal arch morphology (I) and double cxcr4a and cxcr7b
morphants (J) show a similar disorganized arch phenotype as cxcr4a single morphants.
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shown). This observation is supported by absence of cxcr4b expression
within CNCCs and pharyngeal arches (Chong et al., 2001).
Two recent reports by Nair and Schilling (2008) andMizoguchi et al.
(2008) show that cxcr4a is important for endodermal cell migration
during zebraﬁsh gastrulation. The studies show that impaired Cxcr4a
signaling leads to aberrant endodermal cell migration during gastrula-
tion. Moreover, while Nair and Schilling report duplication of endo-
dermal organs inmorphants, Mizoguchi et al. report loss or reduction of
these endodermal organs (Mizoguchi et al., 2008; Nair and Schilling,
2008). In order to rule out the possibility that endodermal duplications
as reported by Nair and Schilling (2008) for cxcr4amorphant embryos
can cause craniofacial defects similar to sdf1b/cxcr4a morphants, we
analyzed the craniofacial skeletons of notail (ntl) and ﬂoating head (ﬂh)
mutant larvae, which also display endodermal duplications (Chen et al.,
2001).We ﬁnd that neither ntl nor ﬂhmutant larvae have defects in the
craniofacial skeleton that are similar to sdf1b or cxcr4a morphants
(Supplementary Fig. 9). Both mutants have overall smaller heads and
thus the skeletal elements are reduced in size. Additionally, bothmutant
lines show loss of the more posterior ceratobranchial cartilages. The
dorsal skeleton, however, including the ethmoid plate and trabeculae
appear normal (Supplementary Fig. S9). Thus, we ﬁnd that neither ntl
nor ﬂhmutant larvae phenocopy the craniofacial defect observed in the
sdf1b or cxcr4amorphants, suggesting that the craniofacial phenotypes
associatedwith sdf1b/cxcr4a knockdown are not a consequence of early
endodermal migration defects.
cxcr4a morphants have reduced cranial ganglia
Trigeminal sensory neurons have been shown to express cxcr4b
during development (Knaut et al., 2005). Moreover, assembly of
trigeminal neurons into a single ganglion cluster is mediated through
signaling by Sdf1a and Sdf1b through Cxcr4b. In the absence of sdf1a,
sdf1b or cxcr4b, the trigeminal neurons form two ganglion clusters
instead of a single bilateral cluster (Knaut et al., 2005).
We reasoned that since cxcr4a is expressed in the CNCCs and is
important forCNCCmigration, cranial gangliamight alsobeaffected in the
absence of cxcr4a signaling. We therefore analyzed the cranial ganglia in
morphants at 52 hpf using antibodies against HuC/D, which is expressed
in all differentiated neurons. At 52 hpf, we ﬁnd that cranial ganglia IX andX are often reduced or missing in cxcr4amorphants (Figs. 3D, E; arrow).
Conversely, cxcr7b morphants do not have defects in posterior cranial
ganglia development (data not shown). These results suggest that cxcr4a
is important for the development of cranial ganglia IX and X.
cxcr4a morphants have disorganized pharyngeal arches
cxcr4a is expressed in the CNCCs during migration, while sdf1b is
expressed in the migratory pathway of CNCCs (Chong et al., 2001,
2007) from 12–20 hpf. Moreover, after CNCC migration is complete
(between 20–21 hpf), cxcr4a and sdf1b are expressed within the
pharyngeal arches. We therefore asked whether cxcr4a morphants
display normal arch morphology by examining pharyngeal arches of
cxcr4a morphants at 28 hpf in a tg{ﬂi1::eGFP} background. tg{ﬂi1::
eGFP} is expressed in postmigratory CNCCs and the developing
vasculature of the embryo (Lawson and Weinstein, 2002). While
cxcr4a morphants have overall normal forming arches, they do
however have loose and disorganized anterior arch structure as
compared to the condensed arches of control siblings. In morphant
embryos, the stomodeum is not well deﬁned and CNCCs appearwithin
the region of pharyngeal pouch 1, which normally creates a separation
between arches 1 and 2 (Fig. 4 compare A, C with B; arrowheads mark
167E.C. Olesnicky Killian et al. / Developmental Biology 333 (2009) 161–172position of endodermal pouch 1 and stomodeum; n=24/42 or 57%
affected). Conversely, we ﬁnd that cxcr7b morphants have properly
condensed arches at 28 hpf (Fig. 4D). This suggests that Cxcr4a, but
not Cxcr7b, is involved in NCC compaction into the pharyngeal arches.
As signaling between tissues is important in pharyngeal arch
development, we next asked whether endodermal pouch formation is
normal in cxcr7b, cxcr4a and sdf1b morphants using the endoderm
marker Zn8. We ﬁnd that cxcr7b, cxcr4a and sdf1b morphants are
capable of forming endodermal pouches (Figs. 4A–D red; data not
shown). Thus although sdf1b and cxcr7b are expressed in the
pharyngeal endoderm, they do not play a role in endoderm
speciﬁcation or morphogenesis of the endodermal pouches.
Since cxcr4a morphants display disorganized cells within the
arches and cxcr4a is expressed in the CNCCs during migration, we
asked whether CNCC migration is affected in morphants using a
tg{sox10::GFP} reporter, which is expressed in migrating NCCs
(Carney et al., 2006). At 16 hpf, CNCCs in cxcr4a morphant embryos
are capable of initiating migration and NCCs are seen migrating
ventrally from the dorsal neural tube into the pharyngeal arch region
(Figs. 4E, F). At 25 hpf, however, morphant CNCCs appear loosely
organized andmore spread out in the pharyngeal arches, as compared
to control siblings, in which CNCCs have begun to condense into
clearly distinguishable arches (Figs. 4G, H; n=25/37 or 68% affected).
We next asked whether cxcr7b knockdown also results in
disorganized pharyngeal arches using a tg{sox10::GFP} reporter. We
ﬁnd that cxcr7b morphants have normal arch morphology at 25 hpf
(Fig. 4I). Since cxcr7b expression within the arches does not
commence until well after the NCCs have reached the arches, it is
not surprising that cxcr7b is not necessary for establishing the general
structure of the pharyngeal arches. Moreover, knocking down both
cxcr4a and cxcr7b simultaneously results in a phenotype similar to
cxcr4a single morphants (Fig. 4J). These results suggest that cxcr7b
is dispensable for pharyngeal arch development, while cxcr4a is
important for the formation of discrete pharyngeal arches.
cxcr4a morphants have CNCC migration defects
We next followed migration of CNCCs using time lapse confocal
microscopy in wild type embryos and cxcr4a morphants using a
tg{sox10::GFP} reporter line. We followed CNCCs from the onset of
migration until after the CNCCs have condensed into the arches. We
ﬁnd that although cxcr4a morphant CNCCs are capable of initiating
migration from the neural tube, CNCCs migrate to ectopic sites in the
embryo (Figs. 5E–J; Supplementary movies 1 and 2). For example, weFig. 5. Time lapse imaging of aberrant CNCC migration in cxcr4a morphant embryos. Lateral vie
CNCC migration from 14 to 23 hpf (A–D). Wildtype CNCCs avoid the eye during early CNCC m
migration (F–I; B, arrow). (E, J) Brightﬁeld and ﬂuorescent (E) and ﬂuorescence only (J) images oﬁnd that while in wild type control embryos, CNCCs avoid the eye
during the early stages of CNCC migration (Figs. 5A–D) (Langenberg
et al., 2008), morphant CNCCs precociously migrate over the eye
(Figs. 5F–I). In addition, after CNCCs have ceased migrating in control
embryos, we observe CNCCs in morphant embryos continuing to
migrate out over the yolk of the embryo (Figs. 5E, J; arrows in J;
Supplementary movies 1 and 2).
We conclude that cxcr4a is important for normal CNCC migration
into the pharyngeal arches. We do however ﬁnd that morphants
display only a mild migration phenotype as most CNCCs reach the
pharyngeal arches. This observation is supported by alcian blue
analysis of morphants, which reveals normal ventral craniofacial
cartilages in morphant embryos. Moreover, analysis of the pharyngeal
arch markers endothelin-1, hand2 and sox9a shows that while
morphant embryos initially have a delay or reduced expression of
these genes, they recover shortly thereafter and have normal arch
expression (Supplementary Fig. S3). Conversely, the anterior migra-
tion of CNCCs to the presumptive neurocranium may be particularly
sensitive to aberrant migration and cxcr4a/sdf1b levels, resulting in
defects within the neurocranium.
cxcr4a and sdf1b overexpression result in CNCC migration defects and
ectopic craniofacial cartilages
Loss of cxcr4a or sdf1b via Morpholino mediated knockdown
results in phenotypes in dorsal craniofacial cartilages, but not in the
ventral pharyngeal cartilages. cxcr4a and sdf1b are however expressed
in the ventral pharyngeal arches throughout development. We thus
asked whether overexpression of either sdf1b or cxcr4a throughout
the embryo would result in phenotypes associated with both
viscerocranium and neurocranium development. Although informa-
tive, whole embryo overexpression does have some caveats. While we
coinject with a ﬂuorescent dextran and screen the embryos for ex-
pression, there remains the possibility that the mRNA, and conse-
quently protein, is in fact mosaic. However, we feel that there is
sufﬁcient RNA to remain during CNCC migration and early branchial
arch patterning, during the time of sdf1b and cxcr4a function.
Overexpressing cxcr4a or sdf1b mRNA results in ectopic cartilages,
abnormal hyosymplectic elements, unilateral loss of anterior carti-
lages (Supplementary Fig. S4, arrowheads show cxcr4a overexpres-
sion), and fusions of ventral pharyngeal cartilages (Supplementary
Fig. S4; Supplementary Fig. S5). Embryos injected with either cxcr4a
or sdf1bmRNA have small ectopic cartilages located near the Meckel's
and ceratohyal cartilages (Supplementary Figs. S4A, B, D for cxcr4a;ws, anterior to the left. Stills taken from live time lapse imaging from 14–23 hpf. Wildtype
igration (B, arrow). cxcr4a morphant CNCCs do not avoid the eye during early phases of
f cxcr4amorphant CNCCs migrating ectopically over the yolk. e, eye. Numbers denote arches.
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(250 pg) cause fusions of the Meckel's and ceratohyal cartilages and
less frequently, fusions of the posterior ceratobranchial elements
(Supplementary Fig. S4H; arrows). Similarly, sdf1b overexpression
results in fusions of pharyngeal arch 1 and arch 2 derived skeletal
elements (Supplementary Fig. S5C). In addition, the hyosymplectic
cartilage is often misshapen or severely reduced in embryos
ectopically expressing either sdf1b or cxcr4a mRNA (Supplementary
Fig. S4H; Supplementary Fig. S5C). Taken together, these results
suggest that both sdf1b and cxcr4a play important roles during arch
development. Conversely, injection of up to 350 pg of gfp mRNA does
not result in any craniofacial defects or ectopic cartilages (Supple-
mentary Figs. S4E, G).
Overexpression of sdf1b or cxcr4a also results in defects within the
neurocranium. Lower doses of cxcr4a mRNA (100 pg) or sdf1b mRNA
cause reduction of the trabeculae and a cleft within the ethmoid plate
(Supplementary Fig. S4F; Supplementary Fig. S5D). Moreover, ectopic
cartilages are often present near the ethmoid plate (Supplementary
Fig. S4F; Supplementary Fig. S5D). This phenotype is the opposite of
cxcr4a morphant larvae, where the ethmoid plate is absent/reduced
and the trabeculae are fused and thickened. At higher doses of sdf1b or
cxcr4a mRNA, however, we ﬁnd that the ethmoid plate phenotype
resembles that of cxcr4a and sdf1bmorphant larvae (data not shown).
This suggests that ethmoid plate development is particularly sensitive
to the levels of sdf1b and cxcr4a expression. Similar results have been
reported where the overexpression of sdf1b mimics the sdf1b
morphant phenotype in trigeminal ganglion development, as a
localized source of Sdf1b is needed for directing migration of cell
types (Knaut et al., 2005). In the absence of Sdf1b or in the
overexpression of Sdf1b, migrating cells lack a directional cue and
are unable to reach their destination.
In order to determinewhether these skeletal defects due to ectopic
sdf1b or cxcr4a expression occur early, during migration into the
pharyngeal arches, or whether the effects are due to later postmi-
gratory patterning defects, we analyzed the effects of sdf1b and cxcr4a
overexpression on the CNCCs of the pharyngeal arches in tg{sox10::
GFP} embryos. We ﬁnd that ectopic sdf1b or cxcr4a mRNA results in
disorganized arches, with anterior arches often fused (Supplementary
Fig. S6C) or reduced (Supplementary Fig. S6B). Posterior arch
formation is typically unaltered in embryos overexpressing eitherFig. 6. Retinoic acid signaling is upstream of cxcr4a and sdf1b. Lateral views, anterior to the le
with DMSO between 21 and 25 hpf show normal expression of cxcr4a (A), sdf1b (B), and
Embryos treated with 100 μMRA from 21–25 hpf show reduced expression of cxcr4a (E as com
cxcr7b (G) below the otic vesicle (arrows point to otic vesicle region in C, G, K). Treatment fr
forebrain as compared to wildtype embryos. Embryos treated with the 50 μM RA synthesis i
otic vesicle (ov) as compared to DMSO treated embryos in (A, B). Embryos treated with the
cxcr7b in the otic region (K, L) and within the pharyngeal endoderm (L) as compared to DMsdf1b or cxcr4a. Signiﬁcantly, overexpression of either sdf1b or cxcr4a
results in ectopic clusters of CNCCs along the yolk and anteriorly
within the head (Supplementary Figs. S6A–D). The presence of
ectopic CNCCs throughout the embryo suggests that sdf1b and
cxcr4a overexpression results in CNCC defects during the early stages
of pharyngeal arch development that correspond to migration of
CNCCs into the arches and the formation of discrete arches.
Ap2a lies upstream of cxcr4a during CNCC development
tfap2a has been shown to be important for neural crest develop-
ment, survival and for craniofacial cartilage development (Knight et
al., 2004, 2005, 2003). We therefore asked whether cxcr4a and sdf1b
expression might be affected in the tfap2a mutant lockjaw (low). At
25 hpf, sdf1b and cxcr7b expression is normal in lowmutant embryos
(data not shown) suggesting that endoderm formation is unaffected
in low mutant embryos. We do however ﬁnd a reduction of cxcr4a
expression in the pharyngeal region of low embryos at 25 hpf
(Supplementary Fig. S7). This result is consistent with previous
observations that CNCC markers such as dlx2 (Knight et al., 2003) and
ﬂi1 (Knight et al., 2005) are reduced or absent in lowmutant embryos.
The bHLH transcription factor hand2, a target of endothelin
signaling, is expressed in ventral CNCCs during pharyngeal arch
development and is required for ventral skeletal cartilage develop-
ment (Miller et al., 2003; Ruest et al., 2003). We next asked whether
hand2 might regulate cxcr4a, cxcr7b and sdf1b expression. We ﬁnd
that at 25 hpf, hanS6 mutant embryos display normal sdf1b, cxcr7b
and cxcr4a expression, suggesting hand2 does not regulate cxcr7b,
cxcr4a or sdf1b (data not shown). This data is consistent with the
observation that early ventral pharyngeal archmarkers are unchanged
in hand2 mutant embryos (Miller et al., 2003).
Retinoic acid signaling regulates cxcr7b, cxcr4a and sdf1b expression
In order to ascertain whether RA signaling might regulate sdf1b,
cxcr4a and cxcr7b expression, we treated embryos with both RA
(100 μM) and the RA synthesis inhibitor DEAB (50 μM) between 21–
25 hpf and then examined the expression of cxcr4a, sdf1b and cxcr7b.
Embryos treated with RA have a reduction in the expression of cxcr4a
and cxcr7b (Figs. 6E, G as compared to A, C; arrowheads demarcate theft of 25 hpf (A–C, E–G, I–K) and 28 hpf embryos (D, H, L). (A–D) Control embryos treated
from 21–25 hpf and 24–28 hpf showing normal cxcr7b expression (C, D respectively).
pared to A; arrowheads), a mild reduction in pouch 2 of sdf1b (F) andmild reduction of
om 24–28 hpf (H) causes a reduction of cxcr7b expression in the endoderm but not the
nhibitor DEAB show an expansion of cxcr4a (I) and sdf1b (J) expression posterior to the
Fgf inhibitor Su5402 from 21–25 hpf (K) and 24–28 hpf (L) have reduced expression of
SO treated controls (C, D).
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otic vesicle) and a very slight reduction of sdf1b in pouch 2 (Fig. 6F,
compared to B). We do not, however, ﬁnd a change in optic stalk
expression of sdf1b or cxcr4a in response to RA treatment (Figs. 6E, F).
Themodest decrease in sdf1b in response to RA treatment is consistent
with previous reports that pharyngeal pouches 1 and 2 are insensitive
to RA treatment (Kopinke et al., 2006). Treating embryos with RA
from 24–28 hpf also reduces cxcr7b expression in the region of
the otic vesicle and pharyngeal endoderm but not in the forebrain
(Figs. 6D, H).
Embryos treated with DEAB show no effect on cxcr7b expression or
sdf1b and cxcr4a expression within the optic stalk (Figs. 6I, J). DEAB
treated embryos do, however, have an expansion of both cxcr4a and
sdf1b throughout the pharyngeal arch region (Figs. 6I, J). Moreover,
expanded sdf1b expression does not take on the normal shape of the
pharyngeal endoderm. These results are consistent with previous
studies on the effects of DEAB treatment on endodermal pouch
morphogenesis, which causes enlargement of endodermal pouches
and disrupts posterior pouch formation (Kopinke et al., 2006). Results
from our expression analysis in response to RA and DEAB drug
treatments suggest that RA signaling lies upstream of cxcr4a, sdf1b
and cxcr7b during pharyngeal arch development.
Fgf signaling regulates cxcr7b but not cxcr4a and sdf1b expression
Previous studies have established that Fgf signaling from the
pharyngeal endoderm is important for normal arch development
(Crump et al., 2004; Piotrowski and Nusslein-Volhard, 2000). We
therefore asked whether pharmacological disruption of Fgf signaling
would disrupt sdf1, cxcr7b and cxcr4 expression. Treating embryos
between 21–25 hpf with the Fgf inhibitor SU5402 does not affect sdf1b
or cxcr4a expression, suggesting that Fgf signaling does not regulate
sdf1b and cxcr4a expression (not shown). We do however ﬁnd that
treating embryos with SU5402 between 21–25 hpf does result in
decreased expression of cxcr7b in the region of the otic placode (Figs.
6C, K). As cxcr7b expression commences throughout the pharyngeal
region after 28 hpf, we treated embryos with SU5402 from 24–28 hpf
and examined expression of cxcr7b at 28 hpf. SU5402 treatment
between 24–28 hpf results in reduced cxcr7b expression in the
pharyngeal endoderm (Figs. 6D, L). To ensure that our results were a
direct result of Fgf signaling on cxcr7b expression and not due to
defects in endodermmorphogenesis caused by SU5402 treatment, we
treated tg{ﬂi1::eGFP} embryos from 24–28 hpf with SU5402 and
visualized the endoderm using the Zn8 antibody. We ﬁnd that SU5402
treatment at this time period does not result in loss of endodermalFig. 7.Hedgehog signaling regulates expression of sdf1bwithin the optic stalk. Lateral views, a
with DMSO or cyclopamine (D, E) from 3 hpf–25 hpf showmispositioned cxcr4a expressionw
(D; arrows), as compared to DMSO treated control embryos (A). sdf1b expression in the opti
controls (B; arrows point to optic stalk in B, E). (C, F) Embryos treated with cyclopamine fro
defects. The lateral line primordium in cyclopamine treated embryos (F) does not migrate ppouches. Instead, pouches are slightly misshapen and are not as
elongated as DMSO treated control embryos (Supplementary Fig. S8).
We conclude that this mild pouch phenotype cannot completely
account for the reduction of cxcr7b expression. In sum, reduced cxcr7b
expression is likely due to transcriptional regulation of cxcr7b via Fgf
signaling.
Hedgehog signaling regulates expression of sdf1b within the optic stalk
Sonic hedgehog (Shh) signaling has been shown to be important in
the development of the anterior neurocranium and viscerocranial
cartilages (Eberhart et al., 2006; Wada et al., 2005). In fact, shh
mutants and embryos treated with the Hedgehog (Hh) inhibitor
cyclopamine have fusion of trabeculae and loss of the ethmoid plate
(Wada et al., 2005), similar to cxcr4a and sdf1b morphants (this
study). We treated embryos with cyclopamine throughout develop-
ment (3 hpf–25 hpf) and examined the expression of cxcr4a, cxcr7b
and sdf1b. We ﬁnd that cyclopamine does not disrupt expression of
cxcr7b or sdf1b within the pharyngeal arches (Figs. 7B, E; data not
shown). However, cyclopamine treatment does result in reduced
cxcr4a expression in the ﬁrst pharyngeal arch and in mispositioning of
the optic stalk (Figs. 7A, D; arrows). Interestingly, cyclopamine
treatment also results in loss of sdf1b expression in the optic stalk,
suggesting that Hh signaling lies upstream of sdf1b in the develop-
ment of the anterior neurocranium (Figs. 7B, E). Thus a possible
mechanism of Shh action may in part be mediated by sdf1b signaling.
In addition, embryos treatedwith cyclopamine from 10–24 hpf and
subsequently ﬁxed at 28 hpf show lateral line migration defects.
Speciﬁcally, we ﬁnd that while cxcr7b is still expressed in the lateral
line, migration of the lateral line is inhibited (Figs. 7C, F). In control
embryos, the lateral line has reached the anterior portion of the yolk
sac extension by 28 hpf, while in cyclopamine treated animals, the
lateral line lies more anteriorly midway between the otic vesicle and
the anterior portion of the yolk sac extension.
Discussion
The results presented in this study highlight a previously
undescribed role for chemokine signaling through Sdf1b/Cxcr4a in
CNCC migration and in the patterning of CNCC derivatives. Knock-
down of Cxcr4a results in aberrant migration of CNCCs to ectopic
destinations and in the failure of CNCCs to fully condense within the
pharyngeal arches. We hypothesize that the aberrant condensation of
CNCCs is due to a role for cxcr4a/sdf1b in the ﬁnal steps of CNCC
migration. Overexpression of sdf1b and cxcr4a results in defects innterior to the left observed at 25 hpf (A, B, D, E) and 28 hpf (C, F). (A, B) Embryos treated
ithin the optic stalk and less expression in the ﬁrst arch of cyclopamine treated embryos
c stalk is lost in cyclopamine treated animals (E; arrow) in comparison to DMSO treated
m 10–24 hpf and observed at 28 hpf with cxcr7b expression show lateral line migration
osteriorly as compared to DMSO treated embryos (C; white arrows). ov, otic vesicle.
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craniofacial cartilage elements. Moreover, both knockdown and
overexpression of sdf1b and cxcr4a leads to migration and craniofacial
defects, suggesting that a localized source and strict balance of Sdf1b
signaling is required for CNCC migration. Thus, Sdf1b signaling
through Cxcr4a functions in the guidance of CNCCs during migration
(Knaut et al., 2005; this study). The fact that the CNCCs can reach their
ﬁnal destination suggests that Cxcr4a/Sdf1b signaling is required for
directedmigration and condensation but not for overall targeting. This
hypothesis is consistent with a conserved role for cxcr4a/sdf1b in
directing the migration of a variety of cell types, including mouse DRG
and germ cells (Doitsidou et al., 2002; Thorpe et al., 2004; Dumstrei et
al., 2004; Knaut et al., 2003; Molyneaux et al., 2003; Belmadani et al.,
2005; Sasado et al., 2008).
Interestingly, cxcr4a and sdf1b expression persists in the phar-
yngeal arches throughout craniofacial development, after CNCCs have
ceased migrating. Additionally, we ﬁnd that posterior cranial ganglia
IX and X are affected in cxcr4a morphant embryos suggesting a role
for Cxcr4a in patterning the cranial ganglia. While the exact
contributions of the CNCCs to the zebraﬁsh cranial ganglia are not
known, in chick, the CNCC give rise to both the glossopharyngeal (IX)
and vagal (X) cranial ganglia (reviewed by Barlow, 2002). Addition-
ally, craniofacial cartilage phenotypes associated with the over-
expression of cxcr4a suggest that in addition to being important for
migration, cxcr4a signaling may also be important for patterning of
the craniofacial skeleton. Moreover, while Cxcr7 has been shown to be
important in migration of germ cells by helping to establish an Sdf1b
gradient (Boldajipour et al., 2008), we ﬁnd that Cxcr7b does not
function with Sdf1/Cxcr4 in CNCC migration and subsequent devel-
opment of the craniofacial skeleton and ganglia.A role for Sdf1b/Cxcr4a in CNCC migration
The ability of NCCs to migrate throughout the embryo to reach
their ﬁnal destinations is imperative for the development of multiple
structures including craniofacial cartilage and the peripheral nervous
system. In the cranial region, CNCC migration is thought to occur by
relying on cell–cell communication with each other, as well as with
the environment through which they migrate (Kulesa and Fraser,
2000). While work has elucidated the roles of various signaling
molecules in the patterning of these NC derivatives, the molecular
mechanisms involved in directing NCC migration remain unclear
(Clouthier and Schilling, 2004; Yelick and Schilling, 2002). Ephrins
and Ephrin receptors have, however, been implicated in regulating
CNCC migration and are thought to function by altering cell adhesion,
likely through interactions with integrins. In the chick, Ephrin-B1
inhibits NCC migration in the caudal somite and is required for
segmental organization of migration (Krull, 1998; Krull et al., 1997). In
the mouse embryo, Ephrin-B2 is important for CNCC migration into
branchial arch 2, while Ephrin-B1 is required for multiple steps during
CNCC migration and mutant mice exhibit a cleft palate (reviewed by
Davy and Soriano, 2005). The Neuropilin family has also been shown
to be required for NC migration. Knockdown of Neuropilin-1 in chick
results in a reduction in the number of CNCCs that reach the branchial
arches (McLennan and Kulesa, 2007). Previous studies have also
shown that signaling through Neuropilin-2 by Semaphorin 3F is
important for proper CNCC migration and condensation of the
trigeminal sensory ganglia. Interestingly, while CNCC migration is
affected in these mutants, no skeletal defects are apparent (Gammill
et al., 2006). sdf1b and cxcr4a morphants also show aberrant CNCC
migration, similar to Neuropilin-2/Semaphorin 3F mutants, but they
do not exhibit defects in the viscerocranium, suggesting that most
CNCCs are able to reach the arches and become normally patterned.
Thus, it is likely that multiple redundant mechanisms are employed to
ensure proper craniofacial development.The results from this study identify a new signaling mechanism
that is important for CNCC migration and craniofacial skeleton
morphogenesis. We ﬁnd that Cxcr4a/Sdf1b signaling is important
for the migration of CNCCs to the pharyngeal arches and around the
eye. cxcr4a morphants show aberrant migration of CNCCs across the
eye and along the yolk, as well as defects in the condensation of CNCCs
into pharyngeal arches. Moreover, overexpression of cxcr4a and sdf1b
results in ectopic migration of CNCCs throughout the anterior embryo.
Recent studies have shown that proper migration of CNCCs around
the eye is important for development of the neurocranium (Eberhart
et al., 2008; Langenberg et al., 2008). Eberhart et al. (2008) recently
described a role for the microRNA Mirn140 in modulating the
attraction of CNCCs via platelet derived growth factor (pdgfaa)
signaling during zebraﬁsh neurocranium development. In embryos
lacking Mirn140, CNCCs accumulate around the optic stalk near the
attractive Pdgfaa signal and fail to migrate further to the oral
ectoderm, resulting in loss of the ethmoid plate and in palatal clefting
(Eberhart et al., 2008).
Another study by Langenberg et al. (2008) demonstrated that the
eye is important for organizing CNCC migration within the zebraﬁsh
embryo. In wild type embryos, CNCCs migrate anteriorly around the
eye and are not detected on the eye surface until 23–24 hpf. Soon after,
however, CNCCs will cover the surface of the eye. In chokh(rx3)
mutant embryos that fail to develop eyes, CNCCs do not migrate
anteriorly and instead remain disorganized in a region posterior to the
normal eye location. Analysis of craniofacial cartilages in chokh(rx3)
mutant larvae shows loss of the ethmoid plate and fusion of the
trabeculae. chokh(rx3) mutant larvae do, however, have normal
viscerocranium development (Langenberg et al., 2008).
Our results implicate Sdf1b/Cxcr4a signaling in organizing the
migration of CNCCs around the eye to the presumptive anterior
neurocranium. Loss of cxcr4a or overexpression of sdf1b results in
precocious migration over the surface of the eye, as well as loosely
organized pharyngeal arches. Other studies have indicated that Sdf1b
signals from theoptic stalk to cxcr4b expressing retinal ganglion cells and
functions in retinal axon guidance (Chalasani et al., 2007; Li et al., 2005).
Thus Sdf1b signaling is important for organizing multiple migratory
events around the eye during zebraﬁsh embryonic development.
A role for Cxcr4a/Sdf1b signaling in patterning the craniofacial elements
After neural crest cells have migrated into the branchial arches or
anterior optic stalk region, communication between various cell types
and tissue layers is paramount to normal patterning of CNCCs
(reviewed in Clouthier and Schilling, 2004; Graham and Smith,
2001). Previous reports indicate that the proper formation of
endodermal pouches is necessary for craniofacial patterning (Crump
et al., 2004; Piotrowski and Nusslein-Volhard, 2000). Moreover,
studies regarding the role of the ectoderm in craniofacial development
have uncovered the importance of signaling between the ectoderm
and CNCCs during craniofacial patterning (Knight et al., 2005;
Eberhart et al., 2006). Our analyses of gene expression for sdf1b
suggest that Sdf1b is secreted from the optic stalk and from the
anterior endodermal pharyngeal pouches. This observation, coupled
with previous studies that have shown that Sdf1 preferentially binds
the Cxcr4 receptor (Horuk, 2001), make it likely that Sdf1b signals
from the optic stalk and endoderm to Cxcr4a expressing NCCs to direct
migration, craniofacial patterning andmorphogenesis. Our hypothesis
is supported by the observation that sdf1b morphant embryos
phenocopy the skeletal defects observed in cxcr4a morphants. Our
observations further support the idea of crosstalk between tissues,
speciﬁcally between Sdf1b in the optic stalk and endoderm to Cxcr4a
expressing CNCCs during craniofacial development and identify new
players in communication between these tissues.
Studies have shown that Fgf and RA signaling are important for
patterning the endoderm during craniofacial development. Speciﬁcally,
171E.C. Olesnicky Killian et al. / Developmental Biology 333 (2009) 161–172RA and Fgf signaling are dispensable for endoderm speciﬁcation but
have been implicated in regulating endodermal pouchmorphogenesis
(Crump et al., 2004; Kopinke et al., 2006). We ﬁnd that RA signaling is
important for the regulation of sdf1b and cxcr4a expressionwithin the
pharyngeal arches but not within the optic stalk during zebraﬁsh
development. Conversely, we ﬁnd that Fgf signaling does not regulate
sdf1b/cxcr4a expression.
Analysis of cxcr4a/sdf1b morphant craniofacial phenotypes with
alcian blue staining revealed defects in the neurocranium, including
fusion of the tribeculae and loss of the ethmoid plate. These defects
phenocopy loss of Hh signaling via the genetic mutant sonic you and
through pharmacological treatments using the Hh inhibitor cyclopa-
mine (Wada et al., 2005; Eberhart et al., 2006). Hh signaling has been
shown to act multiple times during development to initially direct the
condensation of CNCCs onto the roof of the stomodeum and later to
pattern the neurocranium (Eberhart et al., 2006). The signaling
components functioning downstream of Hh in neurocranium develop-
ment have not, however, been uncovered.We ﬁnd that sdf1b expression
within the optic stalk is regulated by Hh signaling. Inhibition of Hh
signaling via cyclopamine results in loss of sdf1b expression. Taken
together, we suggest that sdf1b might function downstream of Hh
signaling in the development of the anterior neurocranium.
In conclusion, the developmental program that functions to
pattern the craniofacial cartilages is a complex process that involves
various signaling molecules and communication between various cell
types. Here we show that zebraﬁsh chemokine signaling plays a novel
role in craniofacial development. Speciﬁcally, our data suggests that
Sdf1b signaling through the chemokine receptor Cxcr4a is necessary
for the condensation of CNCCs into discrete arch structures and in the
development of the craniofacial skeleton.
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